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This study explores the changes in expression of microRNA
(miRNA) and related genes under simulated microgravity con-
ditions. In comparison with static 1 � g, microgravity has been
shown to alter global gene expression patterns and protein lev-
els in cultured cells or animals. miRNA has recently emerged as
an important regulator of gene expression, possibly regulating
as many as one-third of all human genes. However, very little is
known about the effect of altered gravity onmiRNA expression.
To test the hypothesis that themiRNA expression profile would
be altered in zero gravity resulting in altered regulation of gene
expression leading to metabolic or functional changes in cells,
we cultured TK6 human lymphoblastoid cells in a high aspect
ratio vessel (bioreactor) for 72 h either in the rotating condition
to model microgravity in space or in the static condition as a
control. Expression of several miRNAs was changed signifi-
cantly in the simulated microgravity condition including miR-
150, miR-34a, miR-423-5p, miR-22, miR-141, miR-618, and
miR-222. To confirm whether this altered miRNA expression
correlates with gene expression and functional changes of the
cells, we performed DNA microarray and validated the related
genes using quantitative RT-PCR. Expression of several tran-
scription factors including EGR2, ETS1, and c-REL was altered
in simulated microgravity conditions. Taken together, the
results reported here indicate that simulatedmicrogravity alters
the expression ofmiRNAs and genes inTK6 cells. To our knowl-
edge, this study is the first to report the effects of simulated
microgravity on the expression of miRNA and related genes.

Living organisms on the surface of the Earth will undoubt-
edly experience a shock and subsequent adaptation when the
gravity environment changes from Earth gravity (1 � g) to
microgravity in space. Such changes have already been docu-
mented for biological consequences ranging from microbial
growth to immune functions in astronauts. Spaceflight pro-
vides an isolated environment where microgravity, stress, and

radiation can influence immune function and lead to a higher
incidence of medical conditions including formation of renal
stones (1), impaired autonomic cardiovascular control (2),
reduced cellular immune function (3), and bone loss (4). The
altered expression of genes that control important cellular
functionsmay also increase the risk for cancer (5). Gene expres-
sion profile changes in space have not only been observed in
mammalian cells (6, 7) but also in bacterial and other living
organisms (8). Microarray analysis of space-flown W138
human fibroblasts showed a modification in expression of
tumor necrosis factor (TNF) and interleukin (IL)-related gene
families, which are involved in either the regulation of bone
density and as such the development of spaceflight osteopenia
or in the development of proinflammatory status (9).
To expand our knowledge of life in space and also for the

safety of astronauts during spaceflight, it is critical to under-
stand the cellular responses to altered gravity at the molecular
level. Molecular changes at the gene level such as gene and
protein expressions may compromise cell function and present
undesirable effects at the tissue level. Microgravity may influ-
ence specific repair pathways for DNA damage induced by ele-
vated levels of oxidative stress during spaceflight or by expo-
sures to space radiation. Recent advancement in the field of
molecular biology has revealed that a different class of RNA, the
small non-coding miRNA,3 can have a broad effect on gene
expression networks mainly by inhibiting the translation
process.
miRNAs represent a class of single-stranded non-coding reg-

ulatory RNA molecules (�22 nucleotides) that control gene
expressions by inhibiting the translation of mRNA to proteins.
Any given miRNAmay target up to a thousand different genes,
each of which harbors several different miRNA response ele-
ments (10). miRNAs play an important role in various cellular
processes including development, differentiation, cell growth,
morphogenesis, apoptosis, and neurologic disorders (11, 12).
Among human diseases, it has been shown that miRNAs are
either overexpressed or suppressed in cancer, suggesting that
they may play a role as a novel class of oncogenes or tumor
suppressor genes. miRNAs are known to regulate gene expres-
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sions and play a key role in cellular responses to stress.
Although the role of miRNAs in the cellular response to envi-
ronmental stresses such as radiation exposure (13) has been
demonstrated, no reports have been published on expression
alterations ofmiRNA in a simulatedmicrogravity environment.
The overall goal of our investigations is to study the effects of
simulated microgravity on the expression of miRNA as well as
related genes using bioreactors. In the present study, we inves-
tigated changes in the miRNA expression profiles of human
lymphoblastoid TK6 cells cultured in NASA-developed HARV
bioreactors.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—Specific primers for Cyclin E2
(CCNE2), high mobility gene A2 (HMGA2), early growth
response 2 (EGR2/Krox20), zinc finger protein 145 (ZNF-145),
ubiquitin C (UBQTN C), v-ets erythroblastosis virus E26 onco-
gene homolog 1 (ETS1), c-REL, �-ACTIN, GAPDH; reagents
for cDNA synthesis and polymerase chain reaction (PCR); and
miRNA isolation and miRNA PCR array kits were purchased
fromQiagen (Valencia, CA). Guava ViaCount reagent was pur-
chased from Millipore (Billerica, CA), and TRIzol extraction
reagent was from Invitrogen.
Cell Lines and Culture—TK6 human lymphoblastoid cells

were purchased fromATCC (Manassas, VA) andmaintained in
the log phase of cell growth by culturing in RPMI 1640medium
supplemented with 15% fetal bovine serum and 1.0% penicillin/
streptomycin (Invitrogen) at 37 °C in 5% CO2, 95% air. For
ground-based simulation of microgravity, HARV rotating sus-
pension culture bioreactors (Synthecon, Houston, TX) were
used. Actively growing (96–98% viable) TK6 cells were seeded
in the bioreactor and rotated at 12 rpm/min. In parallel, cells at
the same cell densities were maintained in bioreactors in a nor-
mal gravity (static) condition as controls. The bioreactors were
kept in an incubator at 37 °C in 5% CO2, 95% air during the
culture period.
Cell Viability and Growth—At various time points (24, 48,

and 72 h), a small aliquotwas taken fromboth static and rotated
cells to check the viability using both trypan blue staining and
Guava ViaCount assay. For the trypan blue assay, cells that
stained blue were counted as dead, and cell counts were per-
formed using a hemocytometer. For the Guava ViaCount
method, cells were stained with ViaCount reagent for 5 min,
and viability was assessed by differential permeation of two
DNA-binding dyes using a flow cytometer (Millipore). Cell
growth was measured using a Beckman counter (Beckman
Coulter, Brea, CA).
Total RNA and Small (Micro) RNA Isolation—After being

cultured for 72 h in either the static or rotating condition, the
total RNA was isolated from three biological replicates by
TRIzol extraction (Invitrogen) as described by the manufac-
turer. The quality and purity of the RNA samples were assessed
by an Agilent RNA 6000 Nano kit and an Agilent Bioanalyzer
2100 (Agilent Technologies, Santa Clara, CA). MicroRNA was
isolated and enriched using an RT2 qPCRmiRNA Isolation kit.
Briefly, 40 �g of total RNA in 400 �l of RNase-free water was
mixed with appropriate ethanol concentrations and passed
through a special silica membrane spin column followed by

washing and eluting the enriched microRNA. Enriched
microRNA was then reverse transcribed into cDNA using an
RT2 miRNA First Strand kit (Qiagen).
miRNA Expression PCR Array Analysis—miRNA expression

analysis of 352 miRNAs from both static and bioreactor-cul-
tured cells was performed using an RT2 miRNA PCR Array kit
(Qiagen) and a Bio-Rad CFX96 real time PCR instrument. The
-fold change of miRNA expression was calculated using the
provided Excel-based PCR array data analysis program
(Qiagen).
RNA Labeling and Microarray Hybridization—Illumina

HumanWG-6 V4 BeadChip (Illumina, Inc.) human whole-ge-
nome expression arrayswere used in this study. EachRNAsam-
ple was amplified using the Ambion TotalPrep RNA Amplifi-
cation kit with biotin-UTP (Enzo) labeling. The Ambion
Illumina RNA Amplification kit uses T7 oligo(dT) primer to
generate single-stranded cDNA followed by a second strand
synthesis to generate double-stranded cDNA, which is then
column-purified. In vitro transcription was done to synthesize
biotin-labeled cRNAusingT7RNApolymerase. The cRNAwas
then column-purified. The cRNAwas then checked for size and
yield using the Bio-Rad Experion system. 1.5 �g of cRNA was
hybridized for each array using standard Illumina protocols;
streptavidin-Cy3 (GEHealthcare)was used for detection. Slides
were scanned on an Illumina Beadstation.
Data Processing and Visualization—Expression values were

extracted using BeadStudio v3.3. The data were background-sub-
tracted using theMBCB algorithm (14) and quantile-normalized.
Target Gene Analysis—Seven microRNAs with 2-fold differ-

ence and�400 geneswith substantial changes in the expression
were integrated into GeneGoMetaCore pathway analysis soft-
ware (St. Joseph, MI) to analyze the gene ontology, pathway
distribution, and putative gene targets.
Validation of Selected Genes Using Quantitative PCR— cDNA

from total RNA used in the miRNA PCR array analysis was
synthesized using a SuperScript First-Strand kit (Invitrogen)
according to the manufacturer’s instructions. Gene expression
was measured by quantitative RT-PCR using a SYBR Green kit
(Qiagen) and a Bio-Rad CFX96 cycler. cDNA was subjected to
PCR using specific primers according to the manufacturer’s
instructions. RT-negative reactions were run on each plate to
confirm the absence of genomic DNA contamination. Relative
expression values were calculated by ��Ct analysis using the
average of two reference genes and normalized to control for
-fold changes.
Statistical Analysis—The data from all the assays are pre-

sented as mean � S.D. The statistical analysis was performed
using Student’s t test, and p � 0.05 was considered statistically
significant.

RESULTS

Effect of SimulatedMicrogravity onCellGrowth andViability—
We first determined the effect of simulatedmicrogravity on cell
growth and viability every 24 h after the cells were seeded in
bioreactors in either the rotating or static condition. In Fig. 1A,
we present the cell viability as determined using trypan blue
staining and Guava ViaCount methods. Both methods showed
no significant differences in the percentage of viable cells
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between the two cell culture conditions after 72 -h culture in
bioreactors. Cell growthwas increased after 24 h of culture, and
growth rates were similar between both culture conditions.
Similar cell growth rates between the rotating and static culture
conditions (Fig. 1B) allowed us to rule out the possibility of cell
growth as amajor contributing factor to the changes in the gene
and miRNA expression profiles.
Simulated Microgravity Altered Expression of miRNAs—We

next analyzed the effect of modeled microgravity on the
miRNA expression profile in TK6 cells using an RT2 miRNA
PCR Microarray kit. Among 352 miRNAs, the expression of
some miRNAs was significantly altered under the simulated
microgravity condition. We considered seven overexpressed
miRNAs with significant p values (�0.05) as regulated under
simulatedmicrogravity condition.Of these,miR-150 (4.7-fold),
miR-34a (2.8-fold), miR-423-5p (2.3-fold), miR-22 (2.1-fold),
miR-141 (2.2-fold), miR-618 (1.9-fold), and miR-222 (1.9-fold)
showed increased expression in the altered simulated micro-
gravity condition (Table 1). Expression of these seven miRNAs
in different types of human cancer is shown in Table 2. A list of
the expression of 352 miRNAs analyzed is shown in supple-
mental Table 1.
Effect of Simulated Microgravity on Gene Expression—Be-

cause miRNAs are known to regulate gene expression, we fur-
ther checked whether the alteration in expression of miRNAs
correlates with the gene expression pattern by performing a
DNA microarray. The results revealed that the expression of
�400 genes was altered substantially with at least 2-fold
changes and significant p values (�0.05) under simulated
microgravity conditions (data not shown). Among these 400
altered genes, 205 were overexpressed or down-regulated in
different types of cancer, and 12 genes including ABL1, AKT1,
BCL2L1, BCR (breakpoint cluster region),CTNND1 (cadherin-
associated protein), ETS1, LMO1 (rhombotin 1), PRLR (prolac-
tin receptor),PTH (parathyroid hormone),REL, and SKIL (SKI-
like oncogene) were oncogenes (supplemental Table 2).
Direct Interaction between Altered miRNA and Genes—To

identify the interaction between regulated miRNAs and genes
under simulated microgravity, seven altered miRNAs and 400
geneswere loaded into theGeneGoMetaCore pathway analysis
database. The involvement of these gene targets in different
signaling network and pathways and identification of shared

gene ontologies (gene ontology processes) were explored using
the systems biology toolMetaCore fromGeneGo. Interestingly,
the regulation of cell communication and catalytic activity,
especially kinase activity; immune response_IL-15 signaling;
and NGF activation of NF-�B pathways were significantly
altered under the simulated microgravity condition. Diseases
related to blood cells including leukemia and lymphoma were
also altered under the simulated microgravity condition. The
two ontology processes, top seven pathways, and diseases reg-
ulated by the altered miRNAs are shown in Figs. 2, 3, and 4.
GeneGo MetaCore identified several projected networks with
c-REL, ETS1, and UBQTN C as key factors. It also identified
four genes,CCNE2,HMGA2,EGR2, andZNF-145, that showed
direct interaction with altered miRNAs (Fig. 5 and Table 3).
These seven genes were selected for further validation.
Validation of Gene Expression Changes in Modeled

Microgravity—To further validate the effect of simulated
microgravity on selected genes, we checked the expression of
these genes in bioreactor-cultured TK6 cells using quantitative
RT-PCR and specific primers (Table 4). The results showed
that expression profiles of these genes were similar to those
obtained from the GeneGo MetaCore pathway analysis data-
base. The set of genes whose expression level was significantly
altered relative to control static cells comprised CCNE2,
HMGA2, EGR2, ZNF-145, UBQTN C, ETS1, and c-REL. Of
these, EGR2 (2.2-fold), ETS1 (2.2-fold), and c-REL (2.3-fold)
were up-regulated, and CCNE2 (�2.1-fold), HMGA2 (�2.0-
fold), ZNF-145 (�2.0-fold), and UBQTN C (�2.0-fold) were
down-regulated (Fig. 6).

DISCUSSION

Themajor hypothesis of this study is that ground-based sim-
ulated microgravity would alter microRNA and gene expres-
sion profiles. To study the effect of simulated microgravity on
lymphoblastoid cells, we used a specialized HARV bioreactor.
Bioreactors have been widely used as a ground model to simu-
late the cell culture condition of the weightless environment in
space. In a bioreactor, cells in growthmedium are continuously
rotated to be in a free fall condition with minimal shear forces
and excellent mass transfer of nutrients and oxygen (15).
Altered gene expression profiles were also reported in cells cul-
tured inHARVbioreactors (16, 17).Growth of human activated
T-cells in HARV bioreactors resulted in 4–8% of genes having
alterations in gene expression with a -fold change greater than
1.5 (18). Clement et al. (19, 20) observed significant alterations
in themRNA expression levels of 139 of 22,000 genes in human

FIGURE 1. Effect of simulated microgravity on cell viability and growth.
TK6 lymphoblastoid cells were cultured in bioreactors either in the rotating
(12 rpm/min) or static condition for 72 h at 37 °C. At different time points, cell
viability (A) and growth (B) were analyzed using a hemocytometer (HCT), Via-
Count staining, and a cell counter (mean � S.D. from three independent
experiments).

TABLE 1
List of altered miRNAs under simulated microgravity condition
miRNA PCR array data of rotated versus static cells are shown. The -fold change of
miRNA expression from three independent experiments was calculated using the
provided Excel-based PCR array data analysis program. hsa, Homo sapiens.

miRNA -Fold change p value

hsa-miR-34a 2.8 0.002
hsa-miR-423-5p 2.3 0.002
hsa-miR-22 2.1 0.01
hsa-miR-141 2.2 0.02
hsa-miR-618 1.9 0.02
hsa-miR-222 1.9 0.02
hsa-miR-150 4.7 0.05
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liver cells and 162 genes in epidermal keratinocytes when cul-
tured in themodeledmicrogravity condition. Canova et al. (21)
reported a greater yield of mutation in the HPRT gene and
formation of micronuclei but a significant reduction of apopto-
sis in TK6 cells cultured in rotating wall bioreactors after radi-
ation exposure versus those in cells cultured in the static 1 � g
condition. In our study, we did not observe significant differ-
ences in cell growth or percentage of viable cells between cells
cultured in the bioreactor and cells in the control static condi-
tion, which would rule out the possibility that the differences in
miRNA andRNAexpression levels were due to the growth rate.
The culture was started at a low concentration. Extended cul-
ture time (72 h) allowed the cells to reach steady growth state
and adaptation to the altered growth environment before mea-
surements were made. We were interested in the changes
between two different culture conditions rather than transient

changes from the static to the rotating condition. Our cell
growth results were in agreement with the previous study (22).
The effect of the rotating culture condition on the cell growth
rate appears to be cell type-specific. Mouse satellite cells prolif-
erated normally, but their differentiation was significantly
inhibitedwhen cultured in a rotatingwall vessel bioreactor (22).
Several forms of cellular stress have already been reported to

alter miRNA expression profiles. It has been suggested that the
alterations in gene expression from hypoxia treatment of cells
are the result of combined effects on transcription, translation,
and adjustment mechanisms such as the induction of miRNAs
(23). A more commonly studied form of cellular stress is dam-
age from radiation exposure. Radiation effects on miRNA
expressions appear to vary according to cell type, radiation
dose, and postirradiation time point. In our study, miRNA PCR
array and DNA microarray results revealed that expression of

TABLE 2
Expression of seven simulated microgravity-altered miRNAs in cancer
1� Upregulation2� Downregulation.
The expression of altered miRNAs in different types of cancer was taken from miR2Disease, a manually curated database. A brief description of the miRNA-disease
relationship, miRNA expression pattern in the disease state, detection method for miRNA expression, experimentally verified miRNA target gene(s), and literature
references can be obtained from this database. NSCLC, non-small cell lung cancer; CLL, chronic lymphocytic leukemia; AML, acute myeloid leukemia; HNSCC, head and
neck squamous cell carcinoma; EOC, epithelial ovarian cancer; hsa, H. sapiens.

hsa-miR-34a CLL (2), colorectal cancer (2), glioblastoma (2), hepatocellular carcinoma (2), malignant melanoma (2),
neuroblastoma (2), pancreatic cancer (2), NSCLC (2), prostate cancer (2)

hsa-miR-423-5p Breast cancer (1), promyelocytic leukemia (1), gastric cancer (1)
hsa-miR-22 Acute lymphoblastic leukemia (2), AML (1), breast cancer (1), HNSCC (2), lung cancer (2), prostate

cancer (2)
hsa-miR-141 B-cell chronic lymphocytic leukemia (1), breast cancer (2), colorectal cancer (2), EOC (1), gastric cancer

(2), HNSCC (2), lung cancer (1), malignant melanoma (2), prostate cancer (2)
hsa-miR-618 None
hsa-miR-222 AML (1), bladder cancer (1), breast cancer (1), gastric cancer (1), glioblastoma (1), glioma (1),

hepatocellular carcinoma (1), malignant melanoma (1), ovarian cancer (1), pancreatic cancer (1),
prostate cancer (2)

hsa-miR-150 CLL (2), EOC (2), lung cancer (1), pancreatic ductal adenocarcinomas (1), pituitary adenocarcinomas
(1), diffuse large B-cell lymphoma (2)

FIGURE 2. Altered cellular processes under simulated microgravity condition. Seven simulated microgravity-altered miRNAs and 400 genes were loaded
into the GeneGo MetaCore analysis software. The altered cellular processes (gene ontology distribution) were ranked based upon significant p value. Bars
represent the inverse log of the p value.
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sevenmiRNAand 400 geneswas altered substantially under the
simulated microgravity compared with the static condition.
Several studies have shown that the members of the miR-34

family are direct targets of p53, and particularly miR-34a is the
downstream effector of p53. Some genes like CCNE2 and
cyclin-dependent kinase play a vital role in cell signaling path-

ways that activate downstream transcriptional programs nec-
essary for cell proliferation and differentiation (12, 24). In the
present study, bioreactor-cultured cells showed increasedmiR-
34a and decreased CCNE2 and HMGA2 expression, which are
consistent with previous reports. Mackley et al. (25) observed
that primary fibroblasts isolated from fetal mouse cornea, skin,

FIGURE 3. Altered cellular pathways under simulated microgravity condition. Seven simulated microgravity-altered miRNAs and 400 genes were loaded
into the GeneGo MetaCore analysis software. The altered cellular pathways were ranked based upon significant p value. Bars represent the inverse log of the
p value. CF, cystic fibrosis; CFTR, cystic fibrosis transmembrane conductance regulator; norm, normal; SUMO, small ubiquitin-like modifier; EMT, epithelial-
mesenchymal transition. SMADs, Caenorhabditis elegans protein SMA-mothers against decapentaplegic (MAD).

FIGURE 4. Altered diseases under simulated microgravity condition. Seven simulated microgravity-altered miRNAs and 400 genes were loaded into the
GeneGo MetaCore analysis software. The altered diseases were ranked based upon significant p value. Bars represent the inverse log of the p value. BCR,
breakpoint cluster region.
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and tendon upon linear shear stress resulted in decreased
expression of CCNE2 mRNA. In a review, Hermeking (26)
stated thatHMGA2 is a target gene for miR-34a and is involved
in inhibition of cell proliferation and senescence. HMGA2 is a
non-histone chromatin-binding protein belonging to the
HMGA family and is phosphorylated by protein kinases (27,
28). Boo et al. (29) showed that HMGA2 sensitizes cells to
genotoxic stresses such as chemotherapy and x-ray irradia-
tion through the modulation of basal and DNA damage-
dependent phosphatidylinositol 3-kinase-related protein
kinase activation.
miR-150 plays a key role in hematopoiesis, and it is preferen-

tially expressed inmature restingB- andT-cells (but not in their

progenitors) and controls their differentiation by blocking the
transition from pro-B- to pre-B-cells (30, 31). In our study, in
response to miR-150 expression, EGR2 expression was up-reg-
ulated under the simulated microgravity compared with the
static condition. EGR2 is a highly conserved zinc finger tran-
scription factor and part of the multigene EGR family that also
includes EGR1 and EGR3. It has been shown that EGR family
members play key roles in monocyte/macrophage cell fate dif-
ferentiation, regulation of proliferation, and other cellular
responses to extracellular stimuli (32–34).
BothmiR-22 andmiR-222 are highly expressed in acutemye-

loid lymphoma, the most common acute leukemia in adults
(35). Forced miR-22 expression by 12-O-tetradecanoylphor-

FIGURE 5. Direct interaction between simulated microgravity-altered miRNAs and genes. Seven simulated microgravity-altered miRNAs and 400 genes
were integrated into GeneGo MetaCore, and the networks were computationally generated on the basis of the evidence stored in the database from published
data. The intensity of the node (miRNA or gene) color (blue for down-regulation and red for up-regulation) indicates the expression levels. BCR, breakpoint
cluster region. ETO, myeloid transforming gene 8; SCRIB, protein scribble homolog; ACES, angiotensin 1 converting enzyme; DZIP3, DAZ interacting protein 3.

TABLE 3
List of GeneGo MetaCore-identified altered genes that showed direct interaction with altered miRNAs under simulated microgravity condition
Seven simulated microgravity-altered miRNAs and 400 genes were integrated into GeneGo MetaCore as mentioned in Fig. 5. Student’s t test was performed with three
independent experiments, and the -fold change value represents a mean value of three individual samples.

Genes Up/down p value -Fold changes Related miRNA Others

CCNE2 Down 0.008 �2.2 miR-34a
HMGA2 Down 0.004 �2.2 miR-34a
EGR2 (Krox20) Up 0.01 2.1 miR-150
ZNF-145 Down 0.027 �2.3 miR-222
UBQTN C Down 0.025 �2.3 Key in direct interaction
ETS1 Up 0.023 2.2 Key in direct interaction
c-REL Up 0.038 2.1 Key in direct interaction

Effect of Simulated Microgravity on miRNA Expression

32488 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 37 • SEPTEMBER 16, 2011



bol-13-acetate (a phorbol ester) in HL-60 leukemia cells
resulted in accumulation of cells and inhibition of cell cycle
progression and differentiation (36). Aberrant expression of
miRNA-221 and miRNA-222 inhibits normal erythropoiesis
and blocks erythroleukemic cell growth and differentiation
(37). ZNF-145 is a predicted gene target for miR-222 based on
the miRDB on-line database for miRNA target prediction and
functional annotations. We also noticed decreased expression
ofZNF-145 in response to the up-regulation ofmiR-222 in cells
cultured in rotating bioreactors compared with static cells.
miR-423-5p, miR-141, and miR-618 were also up-regulated

in the bioreactor-cultured condition compared with the con-
trol static condition. miR-423-5p has been reported as a diag-
nostic predictor or circulating biomarker for heart failure (38).
Uhlmann et al. (39) showed that miR-141 is involved in cell
cycle progression, and expression of the miR-200a/141 cluster
in breast cancer resulted in G1 arrest and decreased CDK6
expression. ThemiRDB database showedmyeloid/lymphoid or
mixed lineage leukemia, trithorax homolog (MLLT4) gene as a
predicted target of miR-618.

The NF-�B family of transcription factors comprises p65
(RELA), RELB, c-REL, NF-�B1 (p50), and NF-�B2 (p52). c-REL
is exclusively expressed in immune cells and plays a role in the
regulation of proliferation, adhesion, survival, and immune and
inflammatory responses (40, 41). Induction of c-REL is seen in
lymphocytes and myeloid cells during an inflammatory
response and is highly associated with the development of leu-
kemia and lymphoma. Activation of NF-�B/REL protein
involves phosphorylation, ubiquitination, and subsequent deg-
radation of the inhibitory protein I�B, which in turn results in
the nuclear translocation of NF-�B/REL proteins (42). In the
present study, cells cultured in bioreactors showed decreased
UBQTN C and increased c-REL expression compared with the
static environment. In our experiment, we cannot rule out the
possibility of participation of other UBQTN family members in
the degradation of I�B and activation c-REL/NF-�B in rotated
cells. Sharma et al. (43) showed that exposure of mice to simu-
lated microgravity using hind limb suspension resulted in
increased activation of NF-�B in testis.

ETS1 is a member of the Ets transcription factor family and
plays a role in cellular growth, differentiation, organ develop-
ment, and angiogenesis (44, 45). In the present study, ETS1
expression was up-regulated under simulated microgravity
compared with the static condition. Other researchers have
also observed the up-regulation of this gene under different
types of stress conditions. Nakatsuka et al. (46) showed that
controlled levels of shear stress induce the expression of hepa-
tocyte plasminogen activator inhibitor 1 (PAI-1) through coop-
erative SP1/ETS1 activation of transcription in rat hepatocytes.

In summary, this study showed that simulated microgravity
could alter the expression of miRNAs. Several transcription
factors including EGR2, ETS1, and c-REL were up-regulated
under these conditions. Alteration of miRNA expression under
simulated microgravity influenced several genes that are
involved in the regulation of the NF-�B-related pathway net-
work. Further study is needed to investigate the role of altered
miRNAs in this pathway network in detail. Targeting miRNA
will improve our knowledge to fully understand the regulation
of gene expression in stress-related conditions like simulated
microgravity. This study provides the first evidence for the
alteration in miRNA expression under simulated microgravity
conditions.
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